Abstract-A miniaturized planar inverted-F antenna (PIFA) is proposed for dual-band mobile phone application in the 900-and 1900-MHz bands. By employing a Hilbert geometry, an overall size reduction of 50% was achieved compared to a conventional rectangular PIFA. The proposed antenna can be easily printed on the inside surface of the plastic housing of a mobile phone or other wireless device. An experimental prototype of this miniature antenna was fabricated on 0.125 mm thick Duroid 5880 substrate. Measured results demonstrate dual-band characteristics with good radiation patterns.
I. INTRODUCTION

W
ITH the widespread proliferation of telecommunication technology, the need for small, internal, multiband antennas has increased greatly [1] - [6] . Lately the planar inverted-F antenna (PIFA) has gained much interest due to its lower profile, good bandwidth, and ease of fabrication [1] - [5] . However, a dual-band PIFA operating in the 900/1900 MHz mobile telephone operating frequency bands can occupy substantial space in order to satisfy the bandwidth requirements (880-960 MHz for GSM and 1850-1990 MHz for PCS). Utilizing geometrical configurations, such as meander or double meander resulted in smaller antennas operating as monopoles in [6] .
Lately significant efforts have been made to study and optimize antennas based on the Hilbert type curve [7] - [9] . The usefulness of a Hilbert wire antenna in order to lower the antenna resonant frequency has been studied in [7] . In [8] a parametric study was conducted on a matched Hilbert antenna to understand its bandwidth and cross-polarization level. A printed Hilbert antenna was proposed in [9] for operation in the UHF band.
In this paper we introduce a PIFA that consists of a Hilbert geometry that can support dual-band operations at 900 and 1900 MHz. Utilizing the Hilbert curve results in a significantly smaller antenna than its conventional counterpart. The proposed antenna occupies a volume of only 4.3 cm (40 mm by 10.65 mm by 10 mm). In contrast, a conventional dual-band PIFA occupies a volume of 8. by 10 mm). Thus, a 50% saving in antenna volume is readily achieved with our proposed design.
II. ANTENNA DESIGN
The antenna geometry conforming to the Hilbert profile effectively increases the length of the current flow path making it possible to develop a miniature antenna. Since to achieve dual-band performance at least two branches of a radiating element are needed [2] , [5] , we focus on studying antennas that contain two branches and are connected to each other near the feed [see Fig. 1 ]. For all antenna geometries, a ground plane made of a thin metallic conductor with length, 110 mm and width, 40 mm was considered. The antenna height was fixed at 10 mm. Study and design of all antennas were conducted using Ansoft HFSS. First an antenna consisting of two Hilbert elements as shown in Fig. 1 was considered. The smaller element near the feedpoint is responsible for resonance in the high frequency band while the larger element is responsible for the resonance in the low frequency band. The models of each element were constructed following a higher order Hilbert curve as described in [8] . The individual segments and the trace width (0.71 mm) were selected such that the two elements can be accommodated within the width of the ground plane (40 mm). No attempt was made to reduce the trace width and further miniaturize the antenna. We call this first model antenna A. All parameters for this antenna are listed in Table I .
Antenna A resonated at around 920 and 1920 MHz and had good operating bandwidth in the low frequency band. In the high frequency band the bandwidth was relatively narrow. This prompted us to investigate a hybrid geometry consisting of a Hilbert element for the low frequency band and a plate element for the high frequency band. This resulted in the development of antenna B [ Fig. 2(a) ]. Both antennas, A and B were studied in the absence of any dielectric material.
To fabricate and measure the proposed antenna we considered to use a thin (0.125 mm thickness) Duroid 5880 substrate. A prototype antenna similar to antenna B was first modeled and simulated on Duroid 5880. A slight modification in the geometry of antenna B was required which resulted in antenna C. Thus, antenna C represents the design on 0.125 mm thick Duroid 5880 [ Fig. 2(b) ]. For comparison, a conventional PIFA was also modeled (Antenna D, Fig. 2(c) 
III. RESULTS
Computed VSWR and impedance data for antennas A and B are shown in Figs. 3 and 4 , respectively. Measured VSWR data are shown in Fig. 5 for antenna C. The Hilbert geometry for antenna A was created and adjusted several times to achieve resonance at around 900 and 1900 MHz.
Similar adjustments in the geometrical parameters were also made for antennas B, C, and D. All antenna parameters are listed in Table I . From the VSWR plots of Fig. 3 it is clear that the bandwidths of antenna A are 9.4% and 4.4% within 2.5:1 VSWR. The bandwidth in the high frequency band for this configuration is relatively narrow for the 1900-MHz band PCS application. The bandwidths of antenna B are 10.4% and 7.3%, respectively. Computed input impedance data for antennas A and B are shown plotted in Fig. 4 . Clearly, the impedances at 1850 and 1990 MHz for antenna A are much more spread than antenna B. Thus, even though all antennas are fairly well matched at their center frequencies antenna A is narrowband at the high frequency.
Similarly, computed bandwidths for antennas A, B, and C are shown in Fig. 5 . Measured data for antenna C along with an inset photograph of the fabricated antenna are also shown in Fig. 5 . Computed bandwidths for antenna C are 9.6% and 6.5%, respectively while measured bandwidths are 8% and 5.6%, respectively. The measured bandwidth is slightly narrower than the computed, particularly due to the high inductance provided by the center conductor of the coaxial feed line. In practical applications, metal strip type feed, as indicated in Figs. 1 and 2 , is generally used which should improve the bandwidth further. Computed current distributions of antenna C at 910 MHz and 1912 MHz are shown in Fig. 6 . As apparent at 910 MHz the current density is high in the Hilbert element which is responsible for the low frequency resonance. At 1912 MHz the current density is high in both the polygonal and the Hilbert elements. shows uniform coverage in the azimuthal plane which is desirable in mobile wireless application with the component being dominant. In the elevation plane the pattern resembles that of a dipole antenna with some cross-polarization (suppressed below 20 dB). Similarly, the azimuthal pattern in the high frequency band is also fairly uniform with both components being close to each other. In the elevation plane the pattern has a butterfly shape. The peak gain at 910 MHz is 2.4 dBi and at 1912 MHz it is 4.6 dBi. A longer antenna and ground plane at the high frequency results in a more directive pattern and, hence, the high gain. It is well known that current on the tip of monopole is zero, which results in zero fields along . But the proposed PIFA has nonzero fields along providing better coverage in the upper hemisphere as compared to vertical monopole antenna.
IV. CONCLUSION
A miniaturized Hilbert type PIFA comprising of a Hilbert and a plate-type element is proposed. This geometry occupies only about 50% of the volume (only 4.3 cm ) needed by a conventional metal plate-type PIFA. Computed and measured bandwidth of the antenna indicates good performance for dual-band mobile phone application at around 900 and 1900 MHz.
